I. INTRODUCTION

S
EVERAL earth observation satellites have been launched since the second half of the 20th century. Thus, there is an increased need for evaluating the radiometric fidelity of many orbital sensors. The negligence in that evaluation would imply in uncertainties in the true relationship between the radiometric data collected from different orbital sensors and the properties of natural resources under study [1] . This evaluation is possible only through the calibration procedure which can be performed by several ways. Biggar et al. [2] have mentioned that multispectral satellite sensors data need to be calibrated if these data are to be used for quantitative approaches and that most of the current sensors do not have onboard calibration systems that provide full aperture, full field and end-to-end radiometric calibrations.
The "reflectance-based" method, one of the most important methods to calibrate orbital data, requires an accurate measurement of the reflectance of a selected ground area and measurements of some specific meteorological parameters. These measurements are the input data for radiative transfer models whose outputs are radiance values at the top of the atmosphere for the selected ground area. The radiance is compared to the digital count from the orbital data in order to give a calibration coefficient in units of counts per unit of radiance [2] . This reflectance-based method implies in a specific ground area selection, which must have some desirable characteristics like radiometric stability along the time, large flat surface, and to be located in a homogeneous meteorological region. Some studies have shown the viability of using specific areas around the world that could be considered as potential reference sites for orbital sensor calibration procedures, like White Sands [1] in the United States, La Crau [3] in France, Salar de Uyuni [4] in Bolívia, desert zones in the Sudan [5] , North Africa and Saudi Arabia [6] , and some salty lakes and deserts of Gobi in the northeastern China [7] . The Salar de Uyun in Bolivia has been considered [4] as a possible calibration site, but there are few research studies carried out there in order to verify that potential [8] . This work has the main objective of evaluating the atmospheric and radiometric characteristics of the Salar de Uyuni measuring the reflectance around three test points located in the Salar's surface, to analyze the possibilities of this region to be used as a reference site for in-orbit satellite calibration.
II. METHODOLOGY
A. Study Area Location
The Salar de Uyuni is located in the Bolivian highlands and has a surface of about 200 km 100 km, sitting at an average altitude of 3700 m (12 139 ft) and covered homogeneously by salt. This area can be delimited by a polygon defined by the geographical coordinates shown in Fig. 1 . Its surface can be covered by a thin water layer during the wet season, from December to March, that changes the Salar's appearance toward a typical lake. This water layer disappears in the dry season, from April to November, leaving the salt homogeneously distributed over the surface.
B. Climatic Conditions
Salar's climate is cold and dry, being characterized by low temperatures, low relative humidity levels, and low precipitation as pointed out by the data shown in Table I , acquired from the ground station (20 27 S, 66 48 W, 3660 m) close to the Salar. These data are monthly average values from 1987-1999.
The rainfall is very low and concentrated from December to March as shown in Figs. 2 and 3. Fig. 2 shows the average and standard deviation of monthly precipitation levels close to Salar from 1987-1999. Fig. 3 shows the average number of rainy days from 1987-1999. The temperatures are very low during the year, mainly in June and July, as can be seen on Fig. 4 .
C. Atmospheric Characterization
The atmospheric measurements were performed using a manual sunphotometer CE317/CIMEL having the following spectral channels: B1: 1010-1030 nm; B2: 860-880 nm; B3: 660-680 nm; B4: 430-450 nm, and B5: 926-946 nm.
The atmospheric characterization was based on measurements of direct solar radiation whose output can be written as (1) with sunphotometer output; calibration coefficient; TABLE II  MEASUREMENT SCHEDULE   TABLE III  SUNPHOTOMETER CALIBRATION sun-earth distance factor (2) where is the day of year; gaseous transmitance ( 1 in the spectral regions of the CE317/Cimel bands); total optical depth of atmosphere (3) where is the optical depth due to aerosol scattering, and is the optical depth due to Rayleigh scattering (4) where is local atmospheric pressure in hecto Pascals, and is the wavelength; is the air mass number (5) where is the atmospheric pressure in hecto Pascals, and is the solar zenith angle.
Applying the natural logarithm on the both sides of (1), it can be rewritten as (6) The plot of versus , for several solar zenith angles and an assumed stable atmosphere, gives the calibration coefficient and the total optical depth slope . This method, known as Langley method [9] , was used to characterize the atmosphere, based on measurements performed on June 8 and 9, according to the schedule presented in Table II . The mean atmospheric pressure during these days was 638 hPa.
The calibration coefficient and the total optical depth for each band calculated by the Langley method are shown in Table III .
According to the Angström's turbidity formula [10] , the spectral variation of aerosol optical depth can be written as (7) where ; is related to the average aerosol size distribution; and is the Angström turbidity coefficient that is proportional to the quantity of aerosols and related to the horizontal visibility in kilometers (VIS) according to the following equation proposed by [11] : (8) Knowing that [ (7)], then the horizontal visibility VIS 48 km, which corresponds to a clear atmosphere at sea level.
The spectral variation of total optical depth can be written as (9) where . The Cimel sunphotometer band B5, centered on 936 nm, was employed to estimate the water vapor contents , since there is an important absorption band due to water vapor in this spectral region. The gaseous transmitance was not approximate by one, as the other bands, but estimated using the following expression given by [12] : (10) where is the air mass number.
Equation (6) of the Langley method can be rewritten as 
D. Radiometric Measurements
Radiometric measurements were performed in the field on June 8 and 9, 1999 to determine the reflectance of Salar's surface. The experimental data were collected around three test points, shown in Fig. 5 , located on the ground with a global positioning system equipment, whose geographical coordinates are described in Table IV . The weather was clear on both days.
The main equipment used to collect radiometric data were two portable radiometers CE313-2/CIMEL having five spectral bands equivalents to Landsat Thematic Mapper (TM) bands as described in Table V and Fig. 6 .
Bidirectional reflectance factor values were calculated using data from consecutive measurements of the Salar's surface radiance and the radiance of a BaSO reference surface (12) where suface bidirectional reflectance factor; upwelling surface radiance; reference surface upwelling radiance; instrument dark current; instrument output digital number during surface measurements; instrument output for the reference surface measurement; reflectance factor of the BaSO reference surface. The measurements were conducted by two people describing a cross trajectory from 8:10 to 10:00 in both days, around the three test points. A total of 31 samples were collected around test point P (nine samples on June 8 and 22 on June 9), 18 samples around point P (six on June 8 and 12 on June 9), and 28 samples around point P (ten on June 8 and 18 on June 9). The radiometers' heads were positioned at vertical view and 1.75 m above the Salar's surface, corresponding to a sample area of 0.073 m on the ground. The experimental data were collected first and simultaneously at test points P and P and then at point P . The spectral radiance of the BaSO reference surface was calibrated using a calibrated Spectralon reference surface. Averaged values of reflectance were then calculated using data An LI-1800/LI-COR spectroradiometer was used to collect radiometric data from 400-1100 nm, each 2 nm around test point P , to estimate the average reflectance spectrum of Salar's surface. The measurements were performed from 14:30 to 18:00 on June 8 and from 13:30 to 18:00 on June 9, each 30 min, with the spectroradiometer's head at the nadir.
E. Test Point Selection Criteria
The selection of the three test points in the Salar's surface was based on an analysis of the temporal stability of Salar's surface from1988-1997.AdatasetoftenTMimages wasused,havingthe six TM reflectedbands (TM1-TM5 andTM7), each one identified by the path/row 233/074 and acquired on the following dates: July 12, 1988 Fig. 7 presents a flowchart describing the method used to select the three test points.
The original images, whose pixels were related to the surface radiance, were transformed to "real reflectance" ones using the SCORADIS system [9] based on the 5 S model [13] . The parameters used by the SCORADIS system to perform this transformation are in Table VI where absolute coefficient calibration, in counts per unit radiance [3] ; Offset satellite offset, in counts [3] ; solar radiance at the top of atmosphere [3] ; wavelength and Table VII where solar zenith angle; correction factor of the sun-earth distance; water vapor contents, in grams per square centimeter; ozone contents, in centimeters-atmosphere; aerosol optical thickness at 550 nm. The "real reflectance" image from July 12, 1998 was georeferenced based on four 1:250 000 scale topographic charts (Villa Martin-SF-19-3; Salinas de Garci Mendoza-SE-19-15; Uyuni-SF-19-4; and Rio Mulato-SE-19-16) using the SPRING [14] geographic information system. The images from 1989-1997 were georeferenced using this first one as a reference. The georeferenced images were then used to calculate coefficient of variation images (called "CVI") whose pixels had the coefficient of variation of the "real reflectance" values through the ten images (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) . The CVI values were sliced, and a specific gray level (Table VIII) was attributed to each resulting CVI class. Three points were arbitrarily positioned in the most stable areas where the coefficients of variation were lower than 15% in both the visible and near-infrared bands. Another point was selected close to Hirira town, in the Salar's boundary, according to its stability in the near infrared region. Fig. 8 shows the CVI images for each TM spectral band.
The highest CVI values found in channels TM5 and TM7 are directly related to the differences in surface moisture in the series of images. The fact that the CVI is smaller than 15% in bands TM1, TM2, TM3, and TM4 in the salt-covered areas indicates that the Salar' surface suffered low alteration during the time. The existence of regions with different CVI values, even in the same class, indicated the need of evaluating the statistical diffences among the values measured around the test points. The atmosphere and the response variations of the satellite influence equally all points in the images. In this case, the differences in the coefficient of variation are due mainly to the differences in response from the surface. The Kruskall-Wallis test [15] was applied, since the variance was different for the three points. Table IX presents the main statistical parameters related to the experimental data collected around each test point. The term "precision" corresponds to the uncertainty in estimating the bidirectional reflectance factor (BRF) (using the sample average and was calculated dividing the "Standard Error of Mean" by the "Average."
III. RESULTS AND DISCUSSION
The BRF average values of the three test points were compared based on the Kruskall-Wallis test, whose results are shown in Table X .
The statistical significative differences for band B5 can be explained by the different moisture contents around each test point. In spite of seeming radiometrically homogeneous, based on visual analysis, the BRF average values calculated in test point P presented significative differences with test points P and P that must be taken into account in vicarious calibration activities. Fig. 9 shows the mean ground reflectance spectrum measured with the spectroradiometer LICOR LI-1800 on June 8 and June 9, 1999.
The spectral uniformity, as shown in Fig. 9 , makes simple the correlation among radiometer and satellite bands from the 400-940 nm interval.
IV. CONCLUSION
The precision of the BRF mean values presented in Table IX is suitable for vicarious calibration procedures according to Biggar et al. [2] . The high values of the Salar surface reflectance were an important factor that made it possible to arrive at these figures.
The data collected in two different periods (1995 and 1999) have confirmed a low importance of atmospheric effects in the images obtained due to a high mean altitude, about 3700 m, climatic conditions (Table I and Figs. 2-4) , and low human influence (absence of urban and industrial areas) that could affect local atmospheric conditions. The use of the Salar de Uyuni as a vicarious site is recommended from April to November because of reduced rainfall occurrence according to meteorological data. On the other hand, despite the region being arid and free of vegetation, it can be difficult to use it as a vicarious site during rain season (from December to March) due to the thin water layer formation in the Salar's surface after precipitation. The Salar optical properties seem to be stable except for the layer water present in the critical period.
The fact that the CVI values were less than 15% in bands TM1, TM2, TM3, and TM4 from 1988-1997, as shown in Fig. 8 , is an important indicator of the temporal stability of Salar's reflectance surface even though it was not possible to use a set of atmospheric parameters and satellite calibration coefficients for each year of image series. Thus, despite all the images being corrected using the 1999 data, it was possible to conclude about surface stability of the Salar de Uyuni due to low atmospheric effects in the images and high reflectance of the site.
Its very flat and vegetation-free surface reduces shadow effects, thus increasing the possibilities of the Salar's surface to be Lambertian; however, it was not possible to evaluate these properties. Even though the Salar's surface seems visually homogeneous, the mean BRF in one test point has presented statistically significat differences with the two others. At band B5, these differences are directly related to moisture around each test point. In this sense, locating the test points to be used in vicarious calibration and their locations in images must be done carefully and with great precision.
According to ideal vicarious calibration site properties [1] , [3] , [4] , [12] , the Salar de Uyuni presents characteristics that define it as an important vicarious calibration site even with the disadvantages of difficult access and the critical period for data collecting in the rainy season from November to March. An angular reflectance variation study is recommended in order to evaluate its Lambertian properties. Considering that the local atmosphere has low influence in the image acquisition and that the surface has few alterations, except for the moisture content, better knowledge of the reflective properties of the Salar will enable its use as a reference site in the case that on-site experimental determination of new values is not possible.
